Tomáš ONDRO, Tomáš HÚLAN, Ivan VITÁZEK Kaolins are materials broadly used for ceramics production and in agriculture. Along with that, they are important for the paper, rubber and plastics industries. However, for some applications, kaolins are transformed to another form by heating. Metakaolins (dehydroxylated kaolins) are, for example, utilized in the food industry and ceramics production (Konta, 1995; Prasad et al., 1991; Ptáček et al., 2010d) . For such applications, it is important to study the phase changes of this type of clay during thermal treatment.
The main component of kaolin is kaolinite (Al 2 O 3 · 2SiO 2 · 2H 2 O), which is a 1 : 1 layered phyllosilicate. It consists of repeated tetrahedron-octahedron (T-O) layers, while the apices of these layers are occupied by oxygen and hydroxyl groups. The crystal system of kaolinite is triclinic, the space group of which is P1 and the values of the lattice parameters are a = 5.155 Å, b = 8.95 Å, c = 7.40 Å, α = 91.68°, β = 104.87° and γ = 89.9° (Iqbal and Lee, 2000) .
During heating, in the temperature interval of 450-700 °C, thermal decomposition of kaolinite (dehydroxylation) occurs and can be described according to the equation (Heide and Földvari, 2006; Ondruška et al., 2015; Ptáček et al., 2010b Ptáček et al., , 2011 :
It is often written that the thermal transformation of kaolinite to amorphous aluminosilicate (metakaolinite) can be divided into two steps (Heide and Földvari, 2006; Ptáček et al., 2010a) . Firstly, the chemically bound water leaves the crystal lattice and destruction of the kaolinite sheet structure proceeds (delamination). The second step is the formation of metakaolinite.
The kinetics of kaolinite dehydroxylation has been studied often and the most frequently published values of E A and A are in the interval of 140-250 kJ·mol -1 and 10 8 -10 14 s -1 , respectively (Nahdi et al., 2002; Ptáček et al., 2010a Ptáček et al., , 2011 Ptáček et al., , 2013b Saikia et al., 2002; Traoré et al., 2006) . The variability of the values of these parameters depends on particle size, structural disorder, experimental conditions, etc. (Drits and Derkowski, 2015; Ptáček et al., 2011) .
Extensive attention has also been paid to the mechanism of kaolinite dehydroxylation. Ptáček et al. (2010a Ptáček et al. ( , 2010d have shown that the dehydroxylation process under nonisothermal conditions in a dynamic argon atmosphere is controlled by the third-order chemical reaction (F3).
However, a study carried out using isothermal thermogravimetric analysis (Ptáček et al., 2010c) shows that the dehydroxylation of kaolinite is controlled by the secondorder chemical reaction (F2) if the temperature is lower than 410 °C. For the higher temperatures, the authors stated that this reaction is controlled by the third-order reaction (F3).
In the last decade, an inert atmosphere has often been used to obtain data for kinetic analysis. However, an air atmosphere is more realistic for technological applications. The aim of this study is the kinetic analysis of kaolinite dehydroxylation in a dynamic atmosphere of dry air. From the results of the thermogravimetric (TG) analysis, the kinetic parameters are derived using the Coats-Redfern method and compared with values in the literature obtained from measurements in an inert atmosphere.
Kinetic analysis
The rate of reaction is commonly described by the following equation (Starink, 2003; Sbirrazzuoli et al., 2009; Vyazovkin et al., 2011) Constantine the Philosopher University in Nitra, Slovakia 2 Slovak University of Agriculture in Nitra, Slovakia
A non-isothermal kinetic analysis of kaolinite dehydroxylation was carried out using thermogravimetric analysis on powder samples with heating rates from 1 to 30 °C·min -1 in a dynamic air atmosphere. The mechanism of the reaction, values of overall activation energy and pre-exponential factor were determined from a series of thermogravimetric experiments by the CoatsRedfern method. The results show that the dehydroxylation of kaolinite is controlled by the rate of the third-order reaction (F3) 
where: α -the reaction extent t -time T -the absolute temperature f(α) -a reaction model R -the universal gas constant A -the pre-exponential factor E -the activation energy
The reaction extent can be calculated from the TG measurements as (Dairo et al., 2015; Vyazovkin et al., 2014) : (3) where: m -the current value of mass loss m i -the initial value of mass loss m f -the final value of mass loss
Coats-Redfern method
For determination of the kinetic parameters, the Coats-Redfern method was used. It is based on the following equation (Coats and Redfern, 1964) : (4) where:
For a proper reaction model g (α) , the values of the overall activation energy E A are determined from the slope of the plot of the left-hand side of Eq. (4) vs. T -1 . The pre-exponential factor can be calculated from the first term on the right-hand side of Eq. (4).
For the study of kaolinite dehydroxylation, washed kaolin Sedlec Ia was used. The producer guarantees at least 90 wt.% content of kaolinite with impurities of mica group minerals and quartz. However, more realistic is a ~86 wt.% content Fig. 1 . It is observed that the reaction is shifted towards the higher temperatures if higher heating rates are used, but the shape of the curves is retained. The mean mass loss due to dehydroxylation of kaolinite was (12.04 ±0.13) %. Considering the theoretical mass loss of 13.96 % (Ptáček et al., 2010a) , and neglecting the influence of impurities, the calculated content of kaolinite in the material was (86.25 ±0.93) wt.%.
For parameterization of the dehydroxylation process, the CoatsRedfern method (Eq. (4)) was used. The kinetic parameters were calculated for a reaction extent 0.1 ≤ α ≤ 0.9. The results of linear regression show that the best model for the dehydroxylation of kaolinite, which represents the measured data most accurately, is the third-order chemical reaction (F3). The values of R 2 calculated for different reaction models are listed in Table 1 .
The maximum value of R 2 does not necessarily indicate the most probable reaction model (Vyazovkin and Wight, 1999) . For this reason, we used the Fisher F-test at a 95 % confidence level. The results imply that the F3 reaction model yields a significantly better fit than the other models. Another result that can be drawn from Table 1 is that the value of R 2 increases with the heating rate. This is in accordance with samples and methods
results and discussion
the results published by Ptáček et al. (2010a) , where the authors ascribed such behaviour to the changing model of dehydroxylation from F2 to F3 if the temperature is higher than ~410 °C. The overall activation energy E A and pre-exponential factor A were determined from the plot of the lefthand side of Eq. (4) vs. T -1 for the most probable reaction model, F3 (cf. Fig. 2) .
The values of overall activation energy and pre-exponential factor determined for different heating rates within conversion degree 0.1 ≤ α ≤ 0.9 are listed in Table 2 .
The results show that the values of overall activation energy and preexponential factor are slightly higher 
fig. 2
Determination of E A and A using the most probable reaction model, F3 Tomáš ONDRO, Tomáš HÚLAN, Ivan VITÁZEK than the most frequently published values (Nahdi et al., 2002; Ptáček et al., 2010a Ptáček et al., , 2011 Ptáček et al., , 2013b Saikia et al., 2002; Traoré et al., 2006) . On the other hand, the determined reaction model, F3, corresponds with the previously published results under non-isothermal conditions in the inert atmosphere (Ptáček et al., 2010a (Ptáček et al., , 2010d . Thus, it can be concluded that under non-isothermal conditions, there is no significant difference between the kinetic parameters of kaolinite dehydroxylation obtained in the inert and air atmosphere.
Conclusions
The thermal decomposition of kaolinite was studied using non-isothermal thermogravimetric analysis in a dynamic air atmosphere. A kinetic analysis was carried out using the Coats-Redfern method from the results of the TG analysis in the temperature range of 350-800 °C. , respectively. -The kinetic parameters obtained in the air atmosphere do not differ significantly from the ones published in the literature, which were obtained in the inert atmosphere. 
